The research presented in this paper proposes a hybrid energy storage system that combines both electrolytic double-layer capacitors (EDLCs) also known as supercapacitors (SCs) and lithium-ion capacitors (LiCs) also known as hybrid capacitors (HCs) with a battery through a multiple input converter. The proposal was verified in simulation and validated by implementing a laboratory prototype. A new hybridisation topology, which reduces the amount of resource requirement when compared to the conventional hybridisation topology, is introduced. An electric vehicle (EV) current profile from previous research was used to test the performance of the proposed topology. From the results obtained, the hybridisation topology proposed in this research had the lowest cost per unit power at 14.81 $/kW, the lowest cost per unit power to energy, and available power to energy ratio, both at 1:1.3, thus making it a more attractive hybridisation topology than the two conventional alternatives. The multiple input converter built had efficiency values in excess of 80%. The key take away from this paper is that using the proposed hybridisation topology, the battery is less often required to supply energy to the electric vehicle, and so, its cycle life is preserved. Furthermore, since the battery is not used for the repeated acceleration and deceleration in the entire driving cycle, the battery's cycle life is further preserved. Furthermore, since the battery is not the only storage device in the energy storage system, it can be further downsized to best fit the required base load; therefore, leading to a more optimized energy storage system by reducing the weight and volume of space occupied by the energy storage system, while also achieving better efficiencies.
Introduction
One of the biggest challenges towards achieving efficient and effective energy use in electric vehicles (EVs) and other renewable energy technologies is the energy storage system [1, 2] . Batteries, though being improved with newer technologies, are still not capable of meeting the load requirement while retaining their lifespan. Hybrid energy storage systems have been proposed in the literature to solve this problem [3] [4] [5] . It has been proposed previously to combine high power dense energy storage alternatives with batteries that are high energy dense. Supercapacitors (SCs) and hybrid capacitors (HCs) are quite similar energy storage devices, as they are both double-layer capacitors [6, 7] . However, SCs have a higher power density and a lower energy density than HCs [8] . In battery and SC hybrid systems, there has been a reported downside due to the poor energy density of SCs, while in battery and HC systems, the low power density of HCs has been reported to pose a challenge [9, 10] .
Proposed Hybrid Energy Storage System
The descriptive block diagram presented in Figure 1 highlights the focus of this research, which is the combination of the battery, SC, and HC for use by an EV. From this figure, it can be seen that the main components of this research include; the energy storages, the multiple input converter, the control system, the electronic load, and the various sensors (voltage and current sensors) that enable the controller to make intelligent decisions about the utilization of energy. The system controller is the brain box of the entire system; it is responsible for processing measurements and calculating the duty ratios required by the switches in the multiple input DC-DC converter. The system controller measures the state of charge of the energy storages, measures the current consumption of the motor drive train, and the voltage at the DC bus, which is also the output of the DC-DC converter and controls the DC-DC converter output to attain the required voltage level through the duty PWM signals. The system controller also decides which of the energy storages should get charged when there is energy available for storage through regenerative braking; it does this using a set of predetermined rules.
Energy Storage Implementation
Energy storages are at the core of this research; in particular, the focus is on hybridising battery, SCs and HCs. The scale of implementation of the energy storages was small to facilitate their use in the laboratory; previous experiments have been carried out in the literature [33, 37] at a similar scale in which the load was an electronic load, as was done in this research, instead of using a physical electric vehicle. The choice of SCs and HCs was made such that they had similar capacitance such that there was room for a one-to-one comparison of both energy storages.
For the experimental implementation, the SC cells used were the BCAP 3000 cells from Maxwell technologies. Each cell has a maximum voltage of 2.7 V, respectively. Six of these cells were connected in series, giving a total maximum voltage of 16.7 V and a bank capacitance of 500 F, since each cell has a cell capacitance of 3000 F. For HCs, the ESD-SCAP-CL-3000 F cells from Samwha Capacitors were used, and each cell has a maximum cell voltage of 2.8 V, which is 0.1 V higher than SC cells. Just like in the case of SCs, six cells were used in series for the HC bank to give a total of 16.8 V.
One of the major differences between SCs and HCs is the physical sizes, as can be seen in the image in Figure 2 ; HC is about half the size of SC, even though being rated at the same capacitance The system controller is the brain box of the entire system; it is responsible for processing measurements and calculating the duty ratios required by the switches in the multiple input DC-DC converter. The system controller measures the state of charge of the energy storages, measures the current consumption of the motor drive train, and the voltage at the DC bus, which is also the output of the DC-DC converter and controls the DC-DC converter output to attain the required voltage level through the duty PWM signals. The system controller also decides which of the energy storages should get charged when there is energy available for storage through regenerative braking; it does this using a set of predetermined rules.
One of the major differences between SCs and HCs is the physical sizes, as can be seen in the image in Figure 2 ; HC is about half the size of SC, even though being rated at the same capacitance of World Electric Vehicle Journal 2018, 9, 47 4 of 20 3000 F. This gives the feeling that HC is just a better version of SC, but looking at the internal resistances of the storage banks presented in Table 1 , it is observed that SC has a lower equivalent series resistance (ESR); thus, it has a higher power density than HC, but a lower energy density. Therefore, there is an indication that SC and HC possess distinctly different characteristics that can be exploited to achieve better energy utilization.
The battery used for the experimental system was a 6000-mAh 4S lithium polymer (LiPo) battery from Turnigy Power Systems ® . It is rated at a nominal voltage of 14.8 V, and usually, it is recommended not to discharge it below 14 V. The lithium polymer battery was used as opposed to the conventional use of Li-ion batteries because of the scale of the implementation. This battery has four cells in series, hence the '4S' in the name, each cell having a voltage of 3.7 V, thus amounting to 14.8 V. Table 1 presents an overview of the important electrical parameters and the corresponding values of the energy storage devices.
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The performance classification of energy storages and even energy sources is usually into two categories: the volume and mass characteristics of the energy storages. The volume characteristics are taken seriously when considering applications that do not necessarily require mobility; an example of such applications is in grid-scale energy storages, in most cases, the mass of the energy storage is not much of a concern in such applications. However, in automotive applications such as EVs, the mass of the energy storage is of equal importance as the volume of space it would occupy. The volume characteristic of the energy storages can be further classified into two, namely the power and the energy density, while the weight characteristic is further classified as specific power and specific energy. The power density is the time rate of energy transfer per unit volume, while the energy density is the amount of energy stored in a system per unit volume. On the other hand, the specific power is the time rate of energy transfer per unit mass, while the specific energy is the amount of energy stored in a system per unit mass.
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In Figure 3 , it can be observed that the highest power density is obtained with the energy storage regime that has the combination of the battery, SC, and HC at 12.59 kW/kg, and 17.16 MW/m 3 for the specific power and power density, respectively. In the battery-SC-HC hybrid storage, the ratio of power to energy is also at the lowest at 1:1.3; this is an improvement from the 1:3 and 1:5 of the battery-HC and battery-SC hybrid energy storage systems, respectively. For the economic implications, the combination of all three energy storages has the lowest cost per unit power sitting at 14.81 $/kW; its cost per unit energy is about 11 $/Wh; which is higher than that of the battery-SC at 6.6 $/Wh and the battery-HC at 8.47 $/Wh. However, looking at the ratio of the cost of energy to the cost of power per unit, the battery-SC-HC hybrid energy storage system is the lowest at 1:1.3 when compared to 1:3 and 1:5 of the battery-SC and battery-HC energy storage systems, respectively; thus making it a very cost-attractive hybridisation or combination of the energy storages. It is expected that as the years go by, the cost of HCs will drop further, which would further contribute positively to the benefits of having both SCs and HCs in the same energy storage system. To conclude this analysis, considering the economic and performance characteristics of the energy storage regimes analysed, it can be said that the best energy storage regime for application in EVs would be an effective combination of the three energy storages, that is the battery, SC and HC. This is because this energy storage regime gives room to exploit the high energy characteristics of the battery separately through the multiple input converter and the high power characteristics of SC and HC independently, as well, while still affording a low deviation between the cost per unit power and energy. To conclude this analysis, considering the economic and performance characteristics of the energy storage regimes analysed, it can be said that the best energy storage regime for application in EVs would be an effective combination of the three energy storages, that is the battery, SC and HC. This is because this energy storage regime gives room to exploit the high energy characteristics of the battery separately through the multiple input converter and the high power characteristics of SC and HC independently, as well, while still affording a low deviation between the cost per unit power and energy. Figure 4a ,b presents the conventional and the proposed energy storage hybridisation topologies, respectively. The conventional hybridisation topology involves the use of a three-input DC-DC converter, having one input port for each energy storage, while the hybridisation topology proposed in this research involves having SC and HC connected directly in parallel, thus requiring only a two-input converter, as shown in Figure 4b . The multiple input converter that was used to implement the proposed hybridisation topology as presented in Figure 4b was first proposed by the authors of [41, 42] . The converter can operate in Modes A and B and C and D, as described by the switching patterns presented in Table 2 , when the energy storage devices (battery and SC and HC, respectively) are supplying energy and when the DC link is supplying energy to the storage devices, for example during regenerative braking, respectively. Specifically, in Mode A, the battery alone is supplying energy to the EV, while in Mode B, only SC and HC are supplying energy to the EV load. Conversely, in Mode C, energy is being transferred from the DC link of the EV to the battery, while in Mode D, energy is being transferred from the DC link to SC and HC. The steady state waveforms of the converter operation in the modes described above is presented in Figure 5 . More detail about the steady-state waveform and other possible modes of the converter operation were adequately addressed in reference [42] . (1) and (2), while the relationship between the DC bus voltage and the parallel arrangement of SC and HC is given by Equations (3) and (4) for Modes B and C, respectively, where V DC is the average output voltage, D is the duty ratio, T 1 is the ON time, while T 2 is the total OFF time, and V B , V SC , and V HC is the battery, SC, and HC voltage, respectively [42] .
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Mode
T1 T2
(1)
(2)
Vdc S1 = switch S1, S2 = switch S2, S3 = switch S3, S4 = switch S4, S5 = switch S5, S6 = switch S6, iL1= inductor L1 current, iL2 = inductor L2 current, VL1 = inductor L1 voltage, VL2 = inductor L2 voltage, VB = battery voltage, Vsc = supercapacitor voltage, VHC = hybrid capacitor voltage, Vdc = output voltage and Ts = switching time TS Figure 5 . Steady-state waveforms of the operation of the multiple input converter for the proposed energy storage hybridisation topology.
Taking a look at the converter in Figure 4b , it can be seen that when each input is considered individually, it is simply an H-bridge DC-DC converter without isolation, therefore having high side and low side switches, just like the conventional H-bridge converter. The high side switch in simple Taking a look at the converter in Figure 4b , it can be seen that when each input is considered individually, it is simply an H-bridge DC-DC converter without isolation, therefore having high side and low side switches, just like the conventional H-bridge converter. The high side switch in simple terms refers to the switching arrangement of having the switch connected between the positive (high) side of the power supply and the load, like Switch S 3 in Figure 4b ; while the low side refers to having the switch connected between the ground (low side) and the load, like Switch S 4 in Figure 4b . The odd numbered Switches S 1 , S 3 , S 5 , and S 7 for Figure 4a and S 1 , S 3 , and S 5 , while the even numbered Switches S 2 , S 4 , S 6 , and S 8 for Figure 4a and S 2 , S 4 , and S 6 for Figure 4b are the low side switches.
The switches were implemented using N-channel MOSFETs, both for the high side and the low sides. P-channel MOSFETs are sometimes used for high side switching since the driving circuits are less complex than that of the N-channel MOSFETs used in high side switching. However, P-channel MOSFETs usually have a much higher ON state resistance than the complementary N-channel MOSFETs. Therefore, the N-channel MOSFET was the switch of choice in this case, since it has a lower ON-state resistance, which meant higher efficiency could be achieved than if a P-channel MOSFET were to be used. In Figure 4c , the schematic implementation of the high side (Q H ) and the low side (Q L ) is presented alongside the MOSFET driver implementation circuit. The MOSFETs were switched using an IR2113 MOSFET driver from Infineon technologies. The IR2113 is a half-bridge MOSFET driver with 14-pin dual in-line packaging that allows for driving one half (that is the high side and the associated low side) of the H-bridge switch topology from one chip. This is a very big benefiting feature, since it would eliminate the need to drive every single switch independently, which would have increased the number of chips required; hence, board space is saved. Using a half bridge driver meant that only four drivers were required for the three-input converter and only three driver chips for the two-input converter presented in Figure 4a ,b, respectively; therefore, only one driver chip is required for each additional input port to the converter system.
In Figure 4c , the 1-kΩ resistor placed between the gate and source of the MOSFETs is a gate protection resistor to ensure that the switches turn OFF properly. The 10 Ω resistor delays the turn ON, while the diode (D 1 and D 2 ) placed in reverse bias to the resistor both discharges the capacitance of the MOSFET quickly to avoid a delayed turn OFF in order to prevent cross conduction across the adjacent high side and low side switches, respectively. L 1 , L 2 , and L 3 are the inductors of each of the input sources, and Co is the output capacitor of the multiple input converters. An RCD snubber design is implemented, which is a snubber circuit involving the use of a resistor, capacitor, and diode. The snubber circuit was used to protect the switches from accidentally turning ON due to stray signals in the circuit by damping the voltage and current ringing, reducing the switching losses and transfer power dissipation from the switches to avoid heating up the switches. Rs and Cs are the snubber resistors and capacitors for the snubber circuits of each of the switches. The values of Rs and Cs were calculated using Equations (5) and (7) [43, 44] , respectively. The resistor, Rs, needed to be low enough to allow the dissipation of power at the maximum switching voltage and current, hence the application of Ohms' law, as described in Equation (5) . Since the resistor dissipates its energy by storing it in the snubber capacitor Cs, considering a 2-W resistor such that it is able to dissipate half of its power rating into the capacitor for twice the switching frequency in one second, as described in Equation (6), therefore Cs was obtained as presented in Equation (7) [43, 44] , where is the maximum switching voltage, is the maximum switching current, f is the switching frequency, and Cs is the capacitance of the snubber capacitor.
For the MOSFET driver circuit, V DD and V SS are the output voltage levels of the controller and the ground of the controller; this is to ensure an adequate reference ON and OFF state so the driver could understand the ON and OFF states of the controller. A capacitor C 1 is added with a parallel ceramic capacitor of low equivalent series resistance to facilitate high frequency switching. H IN and L IN are the inputs of the MOSFET driver for the high side and low side switch signals, respectively. SD is the shutdown pin, which acts as a fail-safe when there is an error in the operation of the converter; it shuts down the driver operation to prevent further damage to the MOSFET driver, and GND is the common ground. Again C 2 is an electrolytic capacitor, and a complementary ceramic capacitor is used to ensure stable voltage across V CC and GND. L O is the gate drive signal for the low side switch, while H O is the gate drive signal for the high side switch. Since an N-channel MOSFET was used for the high side switching, the gate signal voltage had to be higher than the voltage at the drain of the switch; therefore, a floating gate voltage was used. This was achieved by using a bootstrap circuit, which was implemented simply using C B and V B . V S is tied to the source of the high side switch and therefore becomes the effective reference ground for the bootstrap capacitor, and V B , which is the bootstrap voltage, gets its charge from forward biasing the diode D B . This makes the switching signal of the high side switch have a voltage V B higher than the voltage (V DS ) at the drain of the corresponding high side switch. The values for the various circuit parameters presented in Figure 4b ,c are presented in Table 3 . 
Results
The tests carried out on the energy storages involved verifying the performance of the energy storages against the results of previous research, the specifications on their datasheet, the theories guiding their operation, and validating the proposed energy storage hybridisation topology. It was important to validate the energy storages by verifying the working condition; this was done by carrying out charging and discharging tests and comparing the results to previous research.
Starting with the battery, the charge and discharge curves of the battery are presented in Figure 6 . The battery was charged by supplying a 2-A constant current through its terminals, and charging started at a full discharge of 14 V and lasted till a full charge voltage of 16.8 V; while the discharge started from a full charge voltage of 16.8 V and then stopped when the useable energy in the battery was consumed at 14 V. The charging of the battery under the constant 2-A current lasted for about three hours, while the full discharge under a 2-A load lasted for about 2.5 h. Comparing this to the discharging time obtained by [33, 37] , they reported a 60-min discharge time for the battery under a 4-A load. According to the datasheet of the battery in reference [40] , it is rated at 6000 mAh, which means it is expected to be able to supply a load of 6 A for one hour; using this as a ratio, that means under a 2-A load, it should run for up to three hours. From the discharge test, the battery was seen to be able to run for more than 80% of the time prescribed by the manufacturer; therefore, the battery performance was within acceptable limits.
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Starting with the battery, the charge and discharge curves of the battery are presented in Figure  6 . The battery was charged by supplying a 2-A constant current through its terminals, and charging started at a full discharge of 14 V and lasted till a full charge voltage of 16.8 V; while the discharge started from a full charge voltage of 16.8 V and then stopped when the useable energy in the battery was consumed at 14 V. The charging of the battery under the constant 2-A current lasted for about three hours, while the full discharge under a 2-A load lasted for about 2.5 h. Comparing this to the discharging time obtained by [33, 37] , they reported a 60-min discharge time for the battery under a 4-A load. According to the datasheet of the battery in reference [40] , it is rated at 6000 mAh, which means it is expected to be able to supply a load of 6 A for one hour; using this as a ratio, that means under a 2-A load, it should run for up to three hours. From the discharge test, the battery was seen to be able to run for more than 80% of the time prescribed by the manufacturer; therefore, the battery performance was within acceptable limits. The charging of SC and HC was done similarly to, but a little differently from the battery. To charge SC or HC, first you start with a constant current with the charging voltage limited to the maximum bank voltage. This is done to allow the flow of charges from the charger into the SC or HC banks due to the potential difference. When the respective bank voltages begin to approach the maximum bank voltage, there is a decrease in the potential difference; therefore, the current begins to drop, and constant voltage charge begins to facilitate trickle charging until there is no potential difference between the charger and SC or HC; thus, the current falls to zero when charging is complete. As can be observed in Figure 7a for SC and Figure 7b for HC, charging started at a low voltage of about 8.5 V; at this voltage, the capacitors are discharged up to about 90% capacity. The current was constant at 3 A when the capacitors reached their full charge; the current began to reduce to allow the trickle charging to take place. Charging of SCs and HCs was carried out using a laboratory power supply; this was to allow the limiting of the charging voltage to 16.8 V so that the cells were not damaged by overcharging. The charging time of the capacitors under the 3-A current lasted for about 30 min for the SC and about 40 min for the HC bank; these results are different from the less than 20 min reported by [33, 37] ; however, this is very likely due to the trickle charging carried out in this research because it was not reported by the authors in [33, 37] that trickle charging was done in their research.
In Figure 8 , the discharge results obtained for SC and HC are presented; the discharge was carried out at 3 A and 12 A using a B&K Precision 8602 electronic load. The discharging times of SCs are much longer than the discharge time reported by [33, 37] . Specifically, under 12 A, SC and HC lasted more than two minutes longer, while under a 3-A load, they lasted over eight minutes longer than the 11 min reported by [33, 37] . This shows the huge importance of trickle charging in the use of SCs and HCs. The charging of SC and HC was done similarly to, but a little differently from the battery. To charge SC or HC, first you start with a constant current with the charging voltage limited to the maximum bank voltage. This is done to allow the flow of charges from the charger into the SC or HC banks due to the potential difference. When the respective bank voltages begin to approach the maximum bank voltage, there is a decrease in the potential difference; therefore, the current begins to drop, and constant voltage charge begins to facilitate trickle charging until there is no potential difference between the charger and SC or HC; thus, the current falls to zero when charging is complete. As can be observed in Figure 7a for SC and Figure 7b for HC, charging started at a low voltage of about 8.5 V; at this voltage, the capacitors are discharged up to about 90% capacity. The current was constant at 3 A when the capacitors reached their full charge; the current began to reduce to allow the trickle charging to take place. Charging of SCs and HCs was carried out using a laboratory power supply; this was to allow the limiting of the charging voltage to 16.8 V so that the cells were not damaged by overcharging. The charging time of the capacitors under the 3-A current lasted for about 30 min for the SC and about 40 min for the HC bank; these results are different from the less than 20 min reported by [33, 37] ; however, this is very likely due to the trickle charging carried out in this research because it was not reported by the authors in [33, 37] that trickle charging was done in their research. After the validation of the energy storages, HC and SC were further tested to see their transient response to steep changes in the load. The transient test was a constant load current of 4.5 A rising to a pulse of 10 A with a rise time of 1 µs, and the results are presented in Figure 9 . For SC, when the load changed from a low current load of 4.5 A to 10 A, there was a lag of about one third of a second in which SC was supplying about 5.5 A before SC started to meet the load requirement of 10 A and when the load changed back to 4.5 A. This perceived lag was observed again where it was briefly supplying about 9.8 A to the load. One very notable point to observe is that the average voltage changed when the transient occurred is about 0.27 V, which is a drop from 12.75 V to 12.48 V, which is an indication of the low internal resistance and high power density of the SC bank. In the case of HC, when the transient occurred, it also lagged slightly for about a third of a second in which it was supplying 6.7 A to the load instead of the required 10 A. During the transient period, the voltage difference of 0.41 V was observed, which is a drop from 11.79 V to 11.38 V. At the end of the pulse when the load returned to 4.5 A, the SC bank lagged again for about one-third of a second, and in this time, it was supplying about 8.5 A to the load before reaching the 4.5-A load demand; thus, an indication of the higher internal resistance and, therefore, much less power capacity of the HC bank when compared to the SC bank.
A further test was carried out combining both HC and SC by connecting them directly in parallel. During the ramp from 4.5 A to 10 A, the current supplied by capacitors closely matched what was demanded by the load. This was a much better response than when each of the two capacitor banks supplied the load individually, although the lag time was almost the same. The capacitors were able to switch to 8.5 A during the lag with a voltage change of 0.20 V, and when the pulse was over, the capacitors supplied 6.69 A before beginning to supply the 4.5-A load demand. This is a verification In Figure 8 , the discharge results obtained for SC and HC are presented; the discharge was carried out at 3 A and 12 A using a B&K Precision 8602 electronic load. The discharging times of SCs are much longer than the discharge time reported by [33, 37] . Specifically, under 12 A, SC and HC lasted more than two minutes longer, while under a 3-A load, they lasted over eight minutes longer than the 11 min reported by [33, 37] . This shows the huge importance of trickle charging in the use of SCs and HCs. After the validation of the energy storages, HC and SC were further tested to see their transient response to steep changes in the load. The transient test was a constant load current of 4.5 A rising to a pulse of 10 A with a rise time of 1 µs, and the results are presented in Figure 9 . For SC, when the load changed from a low current load of 4.5 A to 10 A, there was a lag of about one third of a second in which SC was supplying about 5.5 A before SC started to meet the load requirement of 10 A and when the load changed back to 4.5 A. This perceived lag was observed again where it was briefly supplying about 9.8 A to the load. One very notable point to observe is that the average voltage changed when the transient occurred is about 0.27 V, which is a drop from 12.75 V to 12.48 V, which is an indication of the low internal resistance and high power density of the SC bank. In the case of HC, when the transient occurred, it also lagged slightly for about a third of a second in which it was supplying 6.7 A to the load instead of the required 10 A. During the transient period, the voltage difference of 0.41 V was observed, which is a drop from 11.79 V to 11.38 V. At the end of the pulse when the load returned to 4.5 A, the SC bank lagged again for about one-third of a second, and in this time, it was supplying about 8.5 A to the load before reaching the 4.5-A load demand; thus, an indication of the higher internal resistance and, therefore, much less power capacity of the HC bank when compared to the SC bank.
A further test was carried out combining both HC and SC by connecting them directly in parallel. During the ramp from 4.5 A to 10 A, the current supplied by capacitors closely matched what was demanded by the load. This was a much better response than when each of the two capacitor banks supplied the load individually, although the lag time was almost the same. The capacitors were able to switch to 8.5 A during the lag with a voltage change of 0.20 V, and when the pulse was over, the capacitors supplied 6.69 A before beginning to supply the 4.5-A load demand. This is a verification After the validation of the energy storages, HC and SC were further tested to see their transient response to steep changes in the load. The transient test was a constant load current of 4.5 A rising to a pulse of 10 A with a rise time of 1 µs, and the results are presented in Figure 9 . For SC, when the load changed from a low current load of 4.5 A to 10 A, there was a lag of about one third of a second in which SC was supplying about 5.5 A before SC started to meet the load requirement of 10 A and when the load changed back to 4.5 A. This perceived lag was observed again where it was briefly supplying about 9.8 A to the load. One very notable point to observe is that the average voltage changed when the transient occurred is about 0.27 V, which is a drop from 12.75 V to 12.48 V, which is an indication of the low internal resistance and high power density of the SC bank. In the case of HC, when the transient occurred, it also lagged slightly for about a third of a second in which it was supplying 6.7 A to the load instead of the required 10 A. During the transient period, the voltage difference of 0.41 V was observed, which is a drop from 11.79 V to 11.38 V. At the end of the pulse when the load returned to 4.5 A, the SC bank lagged again for about one-third of a second, and in this time, it was supplying about 8.5 A to the load before reaching the 4.5-A load demand; thus, an indication of the higher internal resistance and, therefore, much less power capacity of the HC bank when compared to the SC bank.
A further test was carried out combining both HC and SC by connecting them directly in parallel. During the ramp from 4.5 A to 10 A, the current supplied by capacitors closely matched what was demanded by the load. This was a much better response than when each of the two capacitor banks supplied the load individually, although the lag time was almost the same. The capacitors were able to switch to 8.5 A during the lag with a voltage change of 0.20 V, and when the pulse was over, the capacitors supplied 6.69 A before beginning to supply the 4.5-A load demand. This is a verification of the reduced internal resistance of the capacitor banks when they are connected in parallel, thus offering higher power capacity when compared to the individual performances previously discussed. In Table 1 , the internal resistance of the HC and SC banks are 3.3 mΩ and 1.74 mΩ, respectively, when they are connected in parallel, it is expected that the equivalent resistance becomes 1.14 mΩ; this will result in an even higher capacity than when the SC or HC banks were used separately, as observed in Figure 9 . This is an indication that an effective way of using both SC and HC in the same energy storage system with many steep transients is to connect them directly in parallel, thus further supporting the topology being proposed in this research.
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In Table 1 , the internal resistance of the HC and SC banks are 3.3 mΩ and 1.74 mΩ, respectively, when they are connected in parallel, it is expected that the equivalent resistance becomes 1.14 mΩ; this will result in an even higher capacity than when the SC or HC banks were used separately, as observed in Figure 9 . This is an indication that an effective way of using both SC and HC in the same energy storage system with many steep transients is to connect them directly in parallel, thus further supporting the topology being proposed in this research. A final test was carried out on the energy storages to see the real response of SC and HC to a realistic electronic vehicle load profile. In this case, only SC and HC were involved, and they were connected directly in parallel; therefore, the voltage across them was equal. The B&K precision 8602 electronic load was used to model the electric vehicle, and the result is presented in Figure 10 . The load profile used is a modified version of the load profile obtained in previous research by [33, 37, 45] , and the modification was done to increase the load demand by a factor of two in order to match the energy storage control design. The load profile lasted for a total of 390 s and contained several driving schemes that were obtained in a real-life application of an electric vehicle driving cycle, from acceleration, constant speed, deceleration, and even repeated acceleration and deceleration action. In the result presented in Figure 10 , it is observed throughout the load profile that SC delivered higher currents, while HC delivered lower currents to the load, and this means that their internal resistances were sufficient to divide the load currents effectively between them, allowing SCs to take the high power requirements. A final test was carried out on the energy storages to see the real response of SC and HC to a realistic electronic vehicle load profile. In this case, only SC and HC were involved, and they were connected directly in parallel; therefore, the voltage across them was equal. The B&K precision 8602 electronic load was used to model the electric vehicle, and the result is presented in Figure 10 . The load profile used is a modified version of the load profile obtained in previous research by [33, 37, 45] , and the modification was done to increase the load demand by a factor of two in order to match the energy storage control design. The load profile lasted for a total of 390 s and contained several driving schemes that were obtained in a real-life application of an electric vehicle driving cycle, from acceleration, constant speed, deceleration, and even repeated acceleration and deceleration action. In the result presented in Figure 10 , it is observed throughout the load profile that SC delivered higher currents, while HC delivered lower currents to the load, and this means that their internal resistances were sufficient to divide the load currents effectively between them, allowing SCs to take the high power requirements.
It can be said summarily that, although each energy storage has its own unique merits, combining them effectively is very vital to achieving effective and efficient energy utilisation in terms of cost and performance. Specifically, in terms of performance, it is observed that in the response of both HCs and SCs to steep transients, the best results were obtained when both HCs and SCs were directly connected in parallel. Furthermore, when the electric vehicle load profile was applied, there was still an effective load sharing between the two capacitors without any controller; therefore, their internal resistances were sufficient to adequately distribute the load between them. All these point to the advantages of the hybridisation topology being proposed in this research.
After having presented the results of the energy storage section of this research, the next thing is to look at the second major aspect, which is the multiple input converter system. A laboratory prototype of the two-input DC-DC converter, as presented in Figure 4b , with a capacity of 150 W, was built such that it could handle up to 12 A under 12 V. Although the converter was only operated in Modes A and B, the whole spectrum of the duty ratio from 15% to 90% in increments of 15% was covered in the test for each mode. At this point, the input of the DC-DC converter was supplied from a laboratory DC power supply such that the voltage could be regulated and kept constant throughout the test. Mode A was set at 5-V input, while Mode B was set at 10-V input. In Figures 11 and 12 , the scope results of the inductor current and inductor voltage are presented respectively for operating the multiple input converter in Modes A and B at a duty cycle of 30% and 75%, respectively. One common observation in both figures is that the inductor was operating in continuous conduction mode. Another observation is that the voltage of the inductor was reading zero when the inductor was discharging because the oscilloscope used did not have an isolated input; therefore, the reference ground was affecting the reading of the negative voltage. If an oscilloscope with ground isolation were to be used, the inductor voltages would reflect a negative voltage, reflecting the discharge of the inductor to the DC bus; however, this discharge was seen in the respective inductor currents when the inductor voltage was reading zero, and the inductor current was seen to be reducing, thus accurately reflecting the discharge of the energy stored in the inductor. A final test was carried out on the energy storages to see the real response of SC and HC to a realistic electronic vehicle load profile. In this case, only SC and HC were involved, and they were connected directly in parallel; therefore, the voltage across them was equal. The B&K precision 8602 electronic load was used to model the electric vehicle, and the result is presented in Figure 10 . The load profile used is a modified version of the load profile obtained in previous research by [33, 37, 45] , and the modification was done to increase the load demand by a factor of two in order to match the energy storage control design. The load profile lasted for a total of 390 s and contained several driving schemes that were obtained in a real-life application of an electric vehicle driving cycle, from acceleration, constant speed, deceleration, and even repeated acceleration and deceleration action. In the result presented in Figure 10 , it is observed throughout the load profile that SC delivered higher currents, while HC delivered lower currents to the load, and this means that their internal resistances were sufficient to divide the load currents effectively between them, allowing SCs to take the high power requirements. It can be said summarily that, although each energy storage has its own unique merits, combining them effectively is very vital to achieving effective and efficient energy utilisation in terms of cost and performance. Specifically, in terms of performance, it is observed that in the response of both HCs and SCs to steep transients, the best results were obtained when both HCs and SCs were directly connected in parallel. Furthermore, when the electric vehicle load profile was applied, there was still an effective load sharing between the two capacitors without any controller; therefore, their internal resistances were sufficient to adequately distribute the load between them. All these point to the advantages of the hybridisation topology being proposed in this research.
After having presented the results of the energy storage section of this research, the next thing is to look at the second major aspect, which is the multiple input converter system. A laboratory prototype of the two-input DC-DC converter, as presented in Figure 4b , with a capacity of 150 W, was built such that it could handle up to 12 A under 12 V. Although the converter was only operated in Modes A and B, the whole spectrum of the duty ratio from 15% to 90% in increments of 15% was covered in the test for each mode. At this point, the input of the DC-DC converter was supplied from a laboratory DC power supply such that the voltage could be regulated and kept constant throughout the test. Mode A was set at 5-V input, while Mode B was set at 10-V input. In Figures 11 and 12 , the scope results of the inductor current and inductor voltage are presented respectively for operating the multiple input converter in Modes A and B at a duty cycle of 30% and 75%, respectively. One common observation in both figures is that the inductor was operating in continuous conduction mode. Another observation is that the voltage of the inductor was reading zero when the inductor was discharging because the oscilloscope used did not have an isolated input; therefore, the reference ground was affecting the reading of the negative voltage. If an oscilloscope with ground isolation were to be used, the inductor voltages would reflect a negative voltage, reflecting the discharge of the inductor to the DC bus; however, this discharge was seen in the respective inductor currents when the inductor voltage was reading zero, and the inductor current was seen to be reducing, thus accurately reflecting the discharge of the energy stored in the inductor. To test for the efficiency of the different inputs of the converter, two different tests were carried out: one was under a constant load current of 1 A, but varying duty cycles and, consequently, varying output voltages, and the second was at constant output voltage of 12 V, but varying load from 10% capacity loading to 100% load. Under the constant load current, the input power was compared to the output power under a constant load of 1 A, then the converter was made to operate over a duty cycle range of 15-90% in increments of 15%. The graph in Figure 13a present the efficiency results of each mode respectively for Modes A and B. As the duty cycle increased, the efficiency of the converter reduced; also, as the input voltage increased, the efficiency of the converter reduced. This shows that the converter was much more efficient for bucking than it was for boost mode operations; however, all of the efficiency values were above 75%. To test for the efficiency of the different inputs of the converter, two different tests were carried out: one was under a constant load current of 1 A, but varying duty cycles and, consequently, varying output voltages, and the second was at constant output voltage of 12 V, but varying load from 10% capacity loading to 100% load. Under the constant load current, the input power was compared to the output power under a constant load of 1 A, then the converter was made to operate over a duty cycle range of 15-90% in increments of 15%. The graph in Figure 13a present the efficiency results of each mode respectively for Modes A and B. As the duty cycle increased, the efficiency of the converter reduced; also, as the input voltage increased, the efficiency of the converter reduced. This shows that the converter was much more efficient for bucking than it was for boost mode operations; however, all of the efficiency values were above 75%. To test for the efficiency of the different inputs of the converter, two different tests were carried out: one was under a constant load current of 1 A, but varying duty cycles and, consequently, varying output voltages, and the second was at constant output voltage of 12 V, but varying load from 10% capacity loading to 100% load. Under the constant load current, the input power was compared to the output power under a constant load of 1 A, then the converter was made to operate over a duty cycle range of 15-90% in increments of 15%. The graph in Figure 13a present the efficiency results of each mode respectively for Modes A and B. As the duty cycle increased, the efficiency of the converter reduced; also, as the input voltage increased, the efficiency of the converter reduced. This shows that the converter was much more efficient for bucking than it was for boost mode operations; however, all of the efficiency values were above 75%. Next was to test the efficiency of the converter under varying load conditions, and the results are presented in Figure 13b . Recall that the converter was designed for a maximum load of 12 A at 12-V output; therefore, the output voltage of the converter was kept constant at 12 V, and then, the electronic DC load was made to vary from 10% loading through to 100% in increments of 10%. This was done for Modes A and B, with the inputs of 5 and 10 V, respectively. It is seen in Figure 13b that the higher efficiencies were attained when the input voltage was the highest. Furthermore, when the load current increased, the efficiency also increased, but at 90% load, the highest efficiency was attained across all three modes of operation. This shows that in all modes of operation, the converter attained efficiency values higher than 70% and was most efficient at 90% loading. Therefore, the converter was most efficient when it was operated with a load current of about 10.8 A.
A test was carried out to see the response of the entire system to the realistic EV load profile as was used in the result presented in Figure 10 . This EV profile has been used repeatedly in this research and was also validated in previous research [33, 45] . The response of the hybridisation topology being proposed in this research to the electric vehicle profile used above is presented in Figure 14 . In this topology, SC and HC were connected directly in parallel, and resultantly, the control became less complex. The battery supplied all load currents not exceeding 2 A, but instead of selectively choosing between SC and HC (which would have been more conventional), both of them were made to supply all load currents exceeding 2 A. This topology was able to supply the load adequately, and SC was seen to handle all of the higher currents when compared to HC. Using this proposed topology, the battery was less often required to supply energy to the electric vehicle, and so, its cycle life was preserved. Furthermore, since the battery was not used for the repeated acceleration and deceleration in the entire driving cycle, the temperature increments that would have arisen as a result were avoided; hence, the battery life was further preserved. Thirdly, now that the battery was not the sole energy storage in the energy storage system, it could be further downsized to best fit the required base load, thereby further reducing the weight and volume of space occupied by the energy storage system. Next was to test the efficiency of the converter under varying load conditions, and the results are presented in Figure 13b . Recall that the converter was designed for a maximum load of 12 A at 12-V output; therefore, the output voltage of the converter was kept constant at 12 V, and then, the electronic DC load was made to vary from 10% loading through to 100% in increments of 10%. This was done for Modes A and B, with the inputs of 5 and 10 V, respectively. It is seen in Figure 13b that the higher efficiencies were attained when the input voltage was the highest. Furthermore, when the load current increased, the efficiency also increased, but at 90% load, the highest efficiency was attained across all three modes of operation. This shows that in all modes of operation, the converter attained efficiency values higher than 70% and was most efficient at 90% loading. Therefore, the converter was most efficient when it was operated with a load current of about 10.8 A.
A test was carried out to see the response of the entire system to the realistic EV load profile as was used in the result presented in Figure 10 . This EV profile has been used repeatedly in this research and was also validated in previous research [33, 45] . The response of the hybridisation topology being proposed in this research to the electric vehicle profile used above is presented in Figure 14 . In this topology, SC and HC were connected directly in parallel, and resultantly, the control became less complex. The battery supplied all load currents not exceeding 2 A, but instead of selectively choosing between SC and HC (which would have been more conventional), both of them were made to supply all load currents exceeding 2 A. This topology was able to supply the load adequately, and SC was seen to handle all of the higher currents when compared to HC. Using this proposed topology, the battery was less often required to supply energy to the electric vehicle, and so, its cycle life was preserved. Furthermore, since the battery was not used for the repeated acceleration and deceleration in the entire driving cycle, the temperature increments that would have arisen as a result were avoided; hence, the battery life was further preserved. Thirdly, now that the battery was not the sole energy storage in the energy storage system, it could be further downsized to best fit the required base load, thereby further reducing the weight and volume of space occupied by the energy storage system. Lastly, having considered all of the nitty gritty of the energy storages and the multiple input converter, it is important to draw a big picture on why it is being proposed that SC and HC be connected directly in parallel instead of using the conventional hybridisation topology of each energy storage, having its own input port. Table 4 presents a comparison of resource use between the conventional hybridisation topology (with a three-input converter) and the proposed hybridisation Lastly, having considered all of the nitty gritty of the energy storages and the multiple input converter, it is important to draw a big picture on why it is being proposed that SC and HC be connected directly in parallel instead of using the conventional hybridisation topology of each energy storage, having its own input port. Table 4 presents a comparison of resource use between the conventional hybridisation topology (with a three-input converter) and the proposed hybridisation topology (with a two-input converter). From Table 4 , it is seen that the resource use of the proposed hybridisation topology was much less than in the conventional hybridisation topology. This can potentially transcend directly into reduced costs and weights, which are very huge factors that must be considered when looking into the adoption of the technology in the EV industry. To verify and validate the experimental implementation of the converter, the experimental results were compared to the simulation results and also the mathematical analysis. The results of this verification and validation are presented in Figure 15 for Modes A and B. Furthermore, in Table 5 , the percentage error of the experimental results when compared to the simulation and analytical calculations is presented. From these results, it is observed that the experimental results obtained very closely matched what was obtained in simulation, thus validating the design and implementation of the multiple input converter. topology (with a two-input converter). From Table 4 , it is seen that the resource use of the proposed hybridisation topology was much less than in the conventional hybridisation topology. This can potentially transcend directly into reduced costs and weights, which are very huge factors that must be considered when looking into the adoption of the technology in the EV industry. Table 4 . Comparison of resource use for the conventional and the proposed hybridisation topology.
To verify and validate the experimental implementation of the converter, the experimental results were compared to the simulation results and also the mathematical analysis. The results of this verification and validation are presented in Figure 15 for Modes A and B. Furthermore, in Table  5 , the percentage error of the experimental results when compared to the simulation and analytical calculations is presented. From these results, it is observed that the experimental results obtained very closely matched what was obtained in simulation, thus validating the design and implementation of the multiple input converter. Furthermore, it is observed that as the input voltage increased from 5 V to 10 V, the difference between the experimental, simulation results and the analytical calculations also reduced. Furthermore, it is observed that as the input voltage increased from 5 V to 10 V, the difference between the experimental, simulation results and the analytical calculations also reduced. During the boost mode, which was at duty cycles above 50%, a higher difference between the analytical calculations, simulation results, and the experimental measurement was observed as the duty ratios increased. In all the modes of operation and throughout all the duty cycles, the difference between the experimentally-measured voltage and the analytically-calculated voltage was less than 17%. In all the cases, the experimentally-measured voltage was less than the values obtained from simulation and the analytical calculations. In the buck mode of operation, as the duty ratios increased, the percentage
